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Four-membered Metallacycles Arising from an Ambiphilic Ligand: 
Synthesis and Characterization of Group IX Complexes 
by Rachael Pickens 
The reactivity of transition metal complexes is greatly affected by the complex structure 
and the nature of the coordinated ligands. Ambiphilic ligands, a class of molecule termed a 
frustrated Lewis pair that possesses non-interacting functional groups of both Lewis acidic and 
basic character, are of particular interests few reports of their application to organometallic 
catalysis have emerged and their full potential has not been achieved. Exploring the bi- 
functionality and the potential applications of such ligand frameworks with group IX transition 
metals with phosphino–borane (Ph2PCH2CH2B
BBN
) complexes resulted in interesting reactivity. 
When treated with bases such as silver or lithium reagents, the metal-FLP ligated complexes 
generated four-membered metallacycles for the group IX metal series. NMR experiments were 
used to characterize such structures, and the synthesis and characterization of these metallacycles 
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The behavior of acids and bases plays a significant role, and in many instances, is the 
driving force throughout various chemical reactions. Work performed by Gilbert Lewis in 1923 
led to electron acceptors and electron donors being more commonly referred to as “Lewis acids 
and bases.”
1 
The energies of the HOMO of the base and LUMO of the acid allowed for the 
formation of an adduct between the two compounds, a common example being the adduct 
between borane and ammonia. In 1942, Brown and coworkers noted that although combinations 
of lutidene (2,6-dimethylpyridine) and trifluoroborane (BF3) formed the expected acid-base 
adduct, combinations of lutidene and trimethylborane (BMe3) did not (Scheme 1a). It was noted 
that this non-traditional behavior may be due to steric hindrance from the methyl groups that 
were not present in fluorinated borane. However, this observation was not investigated further.
2
 
In 1950, Wittig noticed that although Ph3BTHF and Na[CPh3] were combined and 
expected to react, the less basic tetrahydrofuran (THF) was not replaced by the trityl anion 
(
-
CPh3) as expected. Instead of achieving the desired substitution of a stronger base for a weaker 
one, the result was the cleavage of a C–O bond in the THF ring (Scheme 1b).
3 
In 1959, Wittig 
and Benz observed unexpected reactivity upon addition of benzyne to PPh3 and BPh3, resulting 
in a zwitterionic product (Scheme 1c).
4 
Subsequent studies by Tochtermann in 1966 showed that 
butadiene when mixed with trityl anion nucleophile and BPh3 electrophile yielded interesting 
1,2- and 1,4-nucleophile/electrophile addition products (Scheme 1d). Tochtermann described the 
phenomenon as “antagonishtiches Paar”, meaning “antagonistic couple” in German.
5 
Unfortunately, this description was not commonly adopted by the broader scientific community 
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Broad interest in non-traditional Lewis pairs was reignited in 2006 when Stephan and 
coworkers reported the discovery that a phosphine and borane containing arene that could 
reversibly cleave and reform the H–H bond of dihydrogen via a heterolytic cleavage pathway 
(Scheme 2a).
6  
In 2007, Stephan showed that a simpler system of only PR3  and B(C6F5)3  also 
activated dihydrogen (Scheme 2b).
7 
That same year, he developed yet another system to activate 
H2 when his group created the first ethylene-bridged Lewis acid/base pair of its type (Scheme 
2c).
8 
Similar zwitterionic compounds to those described in Tochtermann’s studies were observed 
when olefins were reacted with P
t
Bu3 and B(C6F5)3 (Scheme 2d).
9 
This prompted Stephan to 
classify combinations of Lewis donors and acceptors that were sterically prevented from forming 
a classical Lewis adduct as “frustrated Lewis pairs” (FLP) and has become the common term 
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Frustrated Lewis Pair Structure 
The reactivity of FLPs is highly dependent upon the structure of the adduct and whether 
classical Lewis adducts are possible. For example, the bridge between the donor and acceptor as 
well as Lewis acidity and basicity can be tuned by choice of substituent. These structural and 
electronic modifications can then lead to an observable change in overall structure. Possible 
structures achieved by these variations in the bridge include head-to-tail dimers (Figure 1a), a 
polymeric chain (Figure 1b), strong intramolecular “closed” interactions between the phosphorus 
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a. b. c. d. 
Figure 1. Possible structures of phosphino-boranes 
 
 





B (I=3/2) nuclei are both NMR active and are routinely used in structure identification. For 
example, an upfield shift in 
11
B NMR and a 
1
JPB coupling constant of 55.4 Hz indicates a P–B 
interaction, as seen in Figure 2a. Typical ranges for this coupling are 40-150 Hz.
11 
A short 
methylene bridge between the phosphine and borane helps eliminate intramolecular interactions 
by avoiding the strained three-membered ring (Figure 2). Compound 2b disfavors intermolecular 
P–B interactions due to the lowered strength of the boron Lewis acidity from the donating 
substituents on the nitrogen, allowing for a monomeric structure.
12 
By making the boron less 















b 31.0 -48.8 
 
Figure 2. Stuctures of C1 linkers and their 
31P and 11 B NMR data 
5  
The ethylene-bridged species also exhibits varying structure types. The donating pinacol 
group on boron (Figure 3a) has lowered the boron Lewis acidity, which make it less favorable to 
form a classical Lewis adduct. The X-ray structure shows a trigonal planar environment around 
the boron and a distance between the phosphorus and boron atoms of 4.231(2)Å.
14 
The expected 
distance between the two atoms is around 2.0-2.2Å, indicating the lack of interaction between 
phosphorus and boron in this structure type. When the boron is equipped with an electron 
withdrawing substituent, such as pentafluorophenyl (Figure 3b), an upfield shift of the 
11
B and a 
downfield shift in the 
31
P NMR occurs, indicating a P–B interaction. Although an X-ray structure 
 
was unable to be obtained for this complex, the DFT-calculated structure predicted the P–B 
distance to be 2.21Å, which is very close to the expected 2.0-2.2Å.
15 
The room temperature 
NMR data of 3c indicated that both the boron and phosphorus signals were within the ranges 
expected for each element to be three-coordinate. The broadening present in the phosphorus and 
boron resonances indicated possible fluxional P–B interactions. Indeed, the X-ray structure 
showed an infinite link of polymeric chains with a P–B distance of 2.056(2)Å and a geometry 






























a. b. c. c 86.4 -11.5 
 
Figure 3. C2 ethenyl-linked phosphino-borane 
31P and 11 B NMR data 
6  
FLPs with 3C or 4C alkane linkers have been found to form intramolecular, closed 
interactions (Figure 4a-b) as the five- and six-membered rings have less ring strain. Interestingly 
enough, the X-ray structure of 4b shows a shorter P–B distance (2.092(7)Å vs. 2.21Å 
respectively) when compared to the corresponding 2C linker compound (Figure 3b). This 
indicates that the linker between the P and B plays an important role in the degree of interactions 
between the two atoms. As the chain length increases (Figure 4c), the likelihood of interactions 































a. b. c. c -5.0 -1.8 
 
Figure 4. C3 and C4 linker phosphino-borane 




The structure of the FLP allows for variation in substitution patterns which ultimately 
leads to differences in the phosphine-borane interactions. The length of the bridge and the size of 
the substituents on the acid and base pair can also be modified to prohibit the interaction between 
the two atoms and prevent the formation of a traditional adduct. By adjusting the strength of 
donating/accepting abilities of the respective base/acid, the interactions between the P and B 
atoms can be strengthened or blocked entirely. 
7  




Transition metal coordinated FLPs are also being explored as a possible route for new 
catalytic activity. There are four main binding modes for the transition metal coordinated FLPs, 
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When Braunschweig described the synthesis of coordinated phosphino-borane metal- 
carbonyl complexes, the coordination mode A was identified as the predominant structure 
(Scheme 3).
18  
As can be seen in the structure, the donating amino groups and short linker 
between the phosphorus and boron prevent coordination of the boron to the metal. The 
31
P NMR 
resonance shifted by ~100 ppm while the 
11
B NMR resonance remained unchanged upon 
coordination. In addition to NMR spectroscopic evidence, carbonyl infrared stretching 
frequencies for boron-free PMe3 complexes were found to be very similar to those found on the 
phosphino-borane coordinated complexes found in Scheme 3. This was further evidence that the 






















In 2009, Bourissou reported a complex with coordination mode B (Scheme 4).
19 
In this 
work, the i-Pr2P-o(C6H4)-BCy2 ligand was shown to exhibit a 
2
-chloride bridged palladium- 
borane complex. The 
31
P resonance of the ligand shifted from 7.6 to 39.2 ppm, suggestive to 
phosphorus  atom  coordination.  The  
11
B  NMR  resonance  at  ∂=  47ppm  was  shielded  in 
comparison to the ligand (∂=76 ppm) and still higher in frequency than that expected with a B– 
Cl (∂=~20 ppm). Due to this, the bridging mode was suspected. The X-ray structure of this 
complex showed a short interaction between boron and chlorine (2.165(2)Å) and also a 















When Tilley treated [NiMe2(dmpe)] (dmpe=1,2-bis(dimethylphosphino)ethane) with the 
CH2CH2-bridged phosphino-borane ligand, he observed coordination mode C. He found that the 
ambiphilic ligand coordinated to the nickel center through the phosphorus to generate the 
corresponding zwitterionic nickel complex. (Scheme 5).
16 
The X-ray structure of the complex 
showed the retention of the square planar geometry around the Ni(II) center and no interaction of 
9  
the methyl group on the boron with the metal. The 
11
B resonance ∂ =-15 ppm was in the range of 
































The last example of coordination modes comes from another publication by Bourissou. In 
2010, coordination mode D was observed when he used a gold system to determine if metal- 
borane coordination could occur with only one phosphorus donor in the structure.
20 
The idea was 
to use the linear geometry of a general LAuCl complex to prevent 
2
-chloride bridged palladium-
borane complex formation previously seen with other metals. Complexes 6a’ (BR2=BCy2) and 
6b’ (BR2= BFlu= 9-borafluorenyl) in Scheme 6 were characterized by X-ray 
diffraction. The Au–B distance in complex 6a’ (2.903(6)Å) was longer than the expected covalent 
radii (2.20Å). However, with the addition of more electrophilic and less sterically demanding 
substituents as shown in 6b’ gave a significantly shorter Au–B distance (2.663(8)Å). The upfield 
shift of 
11
B NMR resonance from 75 to 55 ppm for a’ to b’ indicates a stronger Au– B interaction 































Frustrated Lewis Pair Reactivity 
In continuation of the work with H2 activation, hydrogenations using FLPs were explored 
further as more researchers became interested in the area. Substrates for hydrogenations have 
been expanded to now include imines, olefins, alkynes, aromatics, ketones and aldehydes.
21 
Some select examples of hydrogenation substrates and products are shown in Figure 6.
22 
The 
carbonyl groups were initially thought to be harder to reduce because of the oxophilicity of 
boron, but when performed in ethereal solvents at lower temperatures, hydrogenations of ketones 
and aldehydes became possible.
22e,f 
In the case of some aromatic substrates, like acetophenone 
N-phenylimine found in Figure 6, some degree of selectivity was achieved when it was observed 



















































































































































Hydrogenations by FLPs have also been achieved asymmetrically with a variety of 
catalysts (Figure 7). Klankermayer was the first to demonstrate asymmetric hydrogenations, 
although with only a 13% enantiomeric excess (ee) (Scheme 7a).
23 
Klankermayer was able to 
improve  to  >80%  ee  with  an  -pinene  catalyst  derivative 
24   
and  achieve  70%  ee  with  a 
phosphino-borane catalyst (Figure 7b).
25  
The Repo group was able to hydrogenate imines and 
achieve 99% ee with a nitrogen-borane FLP containing a binaphthyl backbone (Scheme 7c).
26 
The reactivity of FLPs has also been utilized in the capture of other small molecules. The 





















Figure 7. Asymmetric hydrogenation catalysts 
12  
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A novel FLP catalytic system to activate H2 incorporates the use of N-heterocyclic 
carbenes and three-coordinate borenium cations (Scheme 8).
31 
Although the optimized system 
achieved turn over number of ~1000 h
-1

















When coordinated to metals, frustrated Lewis pairs have also been shown to participate in 
different reactivity with non-ligated counterparts. Examples of select reactivity are shown in 
Scheme 9. The Lewis acidic aluminum portion of Cp*RhMe2PAl complex was found to conduct 
a methyl abstraction from the metal center, forming a zwitterionic complex.
34 
More examples of 
 
13  








X=OH, OMe, and (p-NO2C6H4)NH.
35 
A phosphino-borane ligand coordinated ruthenium 
complex was found to form dihydride complexes and dihydrogen complexes when protonated 
with HBF4.
36 
The field of the FLP coordinated metal systems continues to be studied but the 
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Scheme 9. Examples of metal coordinated FLP reactivity. a.) Rhodium P/Al ligand methyl 
abstraction at metal center b.) Platinum with an N/B ligand activating H2 and X-H bonds c.) 









The interest in researching the uses of FLPs reactivity is still a growing field in 
organometallics, in which many researchers find interest. Frustrated Lewis pairs have 
demonstrated that they can be used to achieve certain reactivity with small molecules, but this 
recent application of frustrated Lewis pairs has yet to be fully explored. Group IX rhodium and 
iridium complexes have an established history of useful catalysis and thus became a starting 
point for new reactivity using the frustrated Lewis pairs as a ligand framework. Reactivity of 
FLPs ligated to metals has been reported; however, there is still opportunity to investigate these 
systems to establish their properties and behavior. Understanding behavior of FLPs will aide in 
the exploration of new catalyst systems. 
The synthesis of an iridium pentamethylcyclopentadiene complex was the first to be 
investigated. The [Cp*IrCl2]2 dimer was treated with a previously synthesized phosphino-borane 





Borabicyclo[3.3.1]nonane) (Scheme 9). The free PB ligand showed a 
31
P NMR singlet at -11 
ppm compared to the 0 ppm resonance on the iridium coordinated complex (Figure 9-10). The 
shift in 
31
P NMR resonance agrees with a change in structure, indicating a coordination of the 
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P NMR of [Cp*IrCl2PB] 
 
The initial efforts in reactivity included treating the Cp*IrCl2PB complex with an 
equivalent of silver acetate (AgOAc) (Scheme 10). The 
31
P NMR showed an upfield shift in 


















12a-b). The mass of the Cp*IrCl2PB formula is expected to be 732.22 amu while the observed 
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A series of NMR experiments helped to characterize the final structure of the resulting 
complex. Upon treatment with AgOAc, the product was determined to be a four-membered 
metallacycle. The 
1
H NMR showed complex splitting patterns present for each of the methylene 
protons on the metallacycle due to coupling with each of the other methylene protons and the 




P} decoupling experiments showed a less complex splitting pattern for the methylene 
proton resonances. The spin system of the diastereotopic methylene protons of the metallacycle 
was identified with 1D TOCSY (Figure 13). As one proton is irradiated, only protons which 
coupled to the irradiated one will be shown as seen in Figure 13a. A reference 
1
H spectrum is 
shown in Figure 13b. 
 
 
Figure 13. 1D TOCSY experiment of Cp*IrCl2PPh2CH2CH2. 
21  
Further analysis of the complex splitting patterns revealed a doublet of doublet of doublet 





decoupled experiment showed a simplification in coupling patterns for the methylene protons of 














































Figure 14. Simulated (b) vs. experimental (a) splitting patterns of methylene protons of iridium 






The correlations between the methylene protons are shown again in an expanded portion 
of a gCOSY spectrum. These through-bond couplings are in agreement with the correlations seen 
in the TOCSY spectrum as each of the methylene protons of the metallacycle are found to 









Figure 16. Expanded portion of a gCOSY spectrum showing correlations between methylene 
protons of iridium metallacycle 
 
 
Similar correlations were observed in through-space interactions using NOESY 
experiments. For correlations to be drawn in a COSY experiment, the atoms must be connected 
through bonds; however, NOESY experiments can show correlations of atoms that are not 
directly bonded together, but rather are close in proximity. Analogous to the TOCSY experiment, 
there are also spectra shown in Figures 17a-d that reveal a reference 
1
H spectrum on the bottom 
with the correlated spectrum above. A selected proton is irradiated and is shown as a negative 
resonance on the spectrum. Nuclei that correlate through space to the selected proton signal show 




Figure 17a. DPFGSENOE spectrum of iridium metallacycle exciting H2a 
 
 




Figure 17c. DPFGSENOE spectrum of iridium metallacycle exciting H1b 
 
 




A gHMBCAD experiment, which shows two- and three-bond correlations, reveals the 
ipso carbon of the phenyl ring on the phosphorus correlating to the methylene protons on C1 of 
the metallacycle (Figure 18). 
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Cl Cl P 
Ph 
90% 
Scheme 12. Generating four-membered metallacycle from Cp*IrCl2(Ph2PCH2CH2B
BBN) 
25  
Treatment of the same Cp*IrCl2PB complex with bases such as PhLi and other silver 
salts also resulted in a metallacycle product in varying yields (Table 1). 
31
P NMR spectra for 
these experiments show different degrees of conversion as the resonance at 0 ppm for the 
Cp*IrCl2PB complex has not completely disappeared. Some downfield resonances showed that 
different products other than the metallacycle were synthesized (Figures 19-26). 
 
 
Table 1. Additives reacted with [Cp*IrCl2PB] and corresponding metallacycle yields generated 
 























































P NMR Cp*IrCl2PB + 1eq. NaEt3BH 
Figure 21. 
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P NMR Cp*IrCl2PB + 1eq. AgOCF3 
Figure 23. 
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P NMR Cp*IrCl2PB + 1eq. AgOTf 
Figure 26. 
31




Preliminary Mechanistic Studies 
Bourissou reported a similar case of reactivity in 2008 when a metallacycle was generated 
upon the reaction of the (p-cymene)RuCl2PB (PB= Ph2PCH2CH2(B
BBN
)) complex and AgOAc 
(Scheme 13).
32 
Their generated metallacycle complex was confirmed with X-ray crystallography 








1/2[(p-cymene)RuCl2]2   Ru 























A UV-Visible spectroscopy time-course study previously conducted with Me-, iPr-, sec- 




After standing in solution for a prolonged period of time, an X-ray quality crystal was 
grown of a hydrogenation product of the Cp*IrCl2PB complex giving the structure presented in 





Figure 28. Perspective view of the molecular structure of Cp*IrCl2(PPh2CH2CH3) with the atom 
labeling scheme for the non-hydrogen atoms.  The thermal ellipsoids are scaled to 







The metallacycle synthesis was then attempted with two additional group IX metals, 
rhodium and cobalt. First, [Cp*RhCl2]2 was treated with Ph2PCH2CH2B
BBN 
to give the respective 
rhodium-PB complex (Scheme 14). Two X-ray structures were obtained with tetrahydrofuran 
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Figure 29. ORTEP structures of Cp*RhCl2PB complex with coordinated boron-coordinated 
THF and CH3CN 
 
The metallacycle generated from the treatment of Cp*RhCl2(Ph2PCH2CH2(B
BBN
)) with 
AgOAc was characterized and described herein (Scheme 15). The 
31
P NMR spectrum showed an 
upfield shifted resonance at -34 ppm and a doublet due to the rhodium–phosphorus coupling 
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P NMR spectrum of rhodium metallacycle with Rh–P coupling constant 
 
As observed in the reference 
1
H NMR spectrum (Figure 31a), the splitting patterns for 
each methylene proton have become more complex. This is due not only to the coupling to each 
proton in the metallacycle, but also the phosphorus and rhodium which are NMR active nuclei. 
This resulted in a doublet of doublet of doublet of doublet of doublets splitting pattern for each 
methylene proton. The shifts of two proton resonances, H1a and H1b are slightly overlapping at 
34  
approximately 3.75 ppm.  The 1D TOCSY of the irradiated H1a/H1b resonances showed the spin 





Figure 31. 1D TOCSY of methylene protons of Rh(III) metallacycle. Excited H1a/H1b signals. 
 
 
NOE experiments (Figure 32a-c) show irradiated resonances and their respective 
correlated peaks. Protons on C1 closest to the phosphorus in the metallacycle were shown to 





Figure 32a. DPFGSENOE spectra of irradiated 
1
H signal at 7.72 ppm. 
 
 
Figure 32b. DPFGSENOE spectra of irradiated 
1






Lastly, the simulated (33a) and experimental (33b) splitting patterns for each of the 
methylene protons of the metallacycle were compared and were found to match (Figure 33). The 
experimental coupling pattern for H2a (Figure 33b) was difficult to decipher due to an impurity 
peak overlapping the signal. From the TOCSY spectrum, only the peaks that correlate to the 
methylene protons of the metallacycle show up and the coupling pattern was deduced. The 
coupling values for protons, rhodium, and phosphorus couplings can be found in Figure 34. The 
rhodium metallacycle was found to less stable than the iridium counterpart, so ESI-MS was not 
able to be determined for this structure. This follows the trend of increasing metal-carbon bond 
strength down a group of the periodic table. 
Figure 32c. DPFGSENOE spectra of irradiated 
1
































J coupling constants of each 
1
H signal generated from methylene protons of 




Similar treatments with lithium and silver reagents gave the same rhodium metallacycle 
(Table 2). The 
31
P NMR sprectra for the phenyllithium (PhLi) and trimethylsilylmethyllithium 
(TMSCH2Li) treatments of the Cp*RhCl2PB complex (Figures 35-36) that also show small 
residual peaks of other generated products. 
 
 
Table 2. Additives reacted with [Cp*RhCl2PB] and corresponding metallacycle yields generated 
 








a Yields determined from 31P NMR metallacycle resonances 
 












The cobalt metallacycle (Scheme 16) was more complicated to synthesize as degradation 
would quickly occur, making spectroscopic identification difficult. This observation also follows 
the bond strength trend expected for a first row transition metal compared to a third row 
transition metal. The 
31
P NMR showed one resonance for the phosphino-borane coordinated 
complex at 34 ppm (Figure 37).   Unfortunately, the 
31
P NMR of the metallacyclic complex 
contains minor impurities, making it challenging for full characterization (Figure 38). Splitting 
patterns in the 
1
H NMR were undiscernible due to broad peaks (Figure 39). The resonances H1eq 
and H1ax showed a simplification in the splitting pattern when decoupled from 
31
P, indicative of 
their position on the metallacycle. The full characterization was complicated by broad signals 





)) + 1eq. TMSCH2Li 
40  
other  experiments  such  as  TOCSY  could  be  ran.  Given  the  instability  of  the  resulting 






















































P} NMR of cobalt metallacycle 
Figure 38. 
31




A series of cobalt, rhodium, and iridium metallacycles have been synthesized from their 
corresponding ambiphilic ligand complexes. While able to obtain full NMR characterization of 
the rhodium and iridium metallacycles, the stability of the cobalt metallacycles provided 
challenges for full characterizations. A summary of the 
31
P NMR chemical shifts observed with 
the group IX metals and their corresponding PB complexes show a large upfield shift for each of 
the products generated (Table 2). The interest in using metal coordinated FLPs in catalysis 
continues, and the reactivity explored with silver and lithium reagents expands upon the already- 





P NMR shifts for group IX phosphino-borane and metallacycle complexes 
 





33 (d, J=232 Hz) 
0 
Free Ligand 31P shift (ppm)= -11 
-23 

















P} NMR spectra were recorded on a 400 MHz Agilent spectrometer or a 
600 MHz Varion Inova NMR spectrometer. The 
31
P NMR was referenced to an external H3PO4 
standard. Reactions were ran in an MBraun MB 200B glovebox under nitrogen atmosphere 
unless otherwise noted. All commercial reagents were used without further purification. 
Pentamethylcyclopentadienyliridium(III) chloride, dimer was purchased from Alpha Aesar and 
Pentamethylcyclopentadienylrhodium(III) chloride, dimer was purchased from Aldrich and used 
without further purification. Solvents used were dried on a SG Water glass contour solvent 
purification system unless otherwise noted. Crystals structures were acquired on a Bruker AXS 
D8 Venture X-ray diffractomer. Electrospray ionization (ESI) mass spectra were recorded on a 
Thermo-Finnigan LCQ DECA XP. High-resolution mass spectra were recorded on a Thermo- 












To a well-dried 100 mL round bottom flask, vinyldiphenylphosphine (1234 mg, 5.816 mmol, 2 
eq.) was added under nitrogen atmosphere. To the same flask, 9-Borabicyclo[3.3.1]nonane dimer 
(855 mg, 2.908 mmol, 1 eq.) was added. THF (20 mL) was added to the mixture and sealed with 
a septum. The roundbottom was removed from the glovebox and heated at 60
O
C overnight (~12 
44  
h). The white solid product was crashed out of solution by cooling down to 0
O
C for 30 min. The 










pentamethylcyclopentadienylcobalt(III) chloride dimer 
 
 
A sample of CoCl2  (664 mg, 5.1 mmol, 1 eq.) was added to a well-dried 50 mL round bottom 
flask under nitrogen atmosphere. [Li(C5Me5)] (800 mg, 5.6 mmol, 1.1 eq.) was added to the 
same round bottom flask. The reaction was stirred in 25 mL THF solvent for 1.5 hours. The 
solvent was removed under vacuo and the residue was extracted with pentane (2x25mL) and the 
extracts were filtered through a glass filter frit under nitrogen atmosphere. Hexachloroethane 
(2422 mg, 10.2 mmol, 2 eq.) was added to the filtrate and stirred for 30 minutes at room 
temperature. The resulting green precipitate was collected by filtration and dried under vacuo. 
The resulting [Cp*CoCl2]2 green solid is air stable (50% yield). 
 
 













To a well-dried 20-dram vial, [Cp*CoCl2]2 (57 mg, 0.1075 mmol, 1 eq.) was added under a 
nitrogen atmosphere. The phospino-borane ligand (72 mg, 0.215 mmol, 2 eq.) was added to the 
same vial. The reaction was left to stir in 5mL DCM for ~3hrs. The reaction was filtered through 

















pentamethylcyclopentadienylrhodium(III) chloride dimer 
 
 
To a well-dried 50 mL roundbottom flask, RhCl33H2O (510 mg, 1 eq.) was added under 
ambient atmosphere. The septum-sealed round bottom was purged with Argon, then Cp*-H (0.5 
mL) with a gastight syringe, and Methanol (12.5 mL). The reaction was refluxed under Argon 
















To a well dried 20-dram vial, [Cp*RhCl2] (100 mg, 1eq.) was added under nitrogen atmosphere. 
To the same vial, Ph2PCH2CH2(9-BBN) ligand (108 mg, 2 eq.) was added with ACN and left to 
stir for 2 hrs. The reaction was stopped and filtered through a celite filter. The solvent was 
removed in vacuo. A red solid was collected (98% yield). X-ray quality crystal prepared by 
layering THF/pentane or ACN/Et2O. 
 
 














To a well dried 25 mL roundbottom flask, [Cp*IrCl2] (0.014 mmol, 1eq.) was added with 
benzene (~3ml) to make a yellow solution. To the same flask, a benzene solution of 
Ph2PCH2CH2(9-BBN) ligand (0.028 mmol, 2 eq.) was added. The solution became clear and was 
left to stir at room temperature for 2 hours. The solvent was then removed in vacuo and the solid 













To a well-dired 20-dram vial, Cp*IrCl2PB (1 eq.) was dissolved with C6D6  to make an orange 
solution. To the solution, AgOAc (1 eq.) was added and the vial immediately covered with 
aluminum foil. The reaction was left to stir for 2 hours, filtered through celite to collect the 













To a well-dried 20 mL vial, Cp*RhCl2PB (30 mg, 1 eq., 0.0524 mmol) was added with C6D6  to 
afford a red solution. To the same vial, AgOAc (10 mg, 1.2 eq., 0.0629 mmol) was added and 
47  
left to stir. The reaction was immediately covered in aluminum foil and left to stir for 24hr. The 
reaction was stopped, and the brown/red solution was filtered through celite to give a red/orange 













To a well-dried 20 mL vial, Cp*CoCl2PB (34 mg, 1 eq., 0.057 mmol) was added with CD3CN to 
afford a purple solution. To the same vial, AgOAc (10 mg, 1.1 eq., 0.062 mmol) was added and 
left to stir. The reaction was immediately covered in aluminum foil and left to stir for 24 h. The 
reaction was stopped, and the brown solution was filtered through celite to give a brown filtrate 
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Rhodium NMR data 
 
 Figure A-2. gHSQCAD of aromatic region showing one bond (
1




Figure A-3. gHMBCAD of aromatic region showing two (
2
JHC) and three (
3
JHC) correlations on 
phenyl rings 
